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We investigate the low temperature (T < 2 K) electronic structure of the heavy fermion su-
perconductor CeCoIn5(Tc = 2.3 K) by angle-resolved photoemission spectroscopy (ARPES). The
hybridization between conduction electrons and f-electrons, which ultimately leads to the emergence
of heavy quasiparticles responsible for the various unusual properties of such materials, is directly
monitored and shown to be strongly band dependent. In particular the most two-dimensional band
is found to be the least hybridized one. A simplified multiband version of the Periodic Anderson
Model (PAM) is used to describe the data, resulting in semi-quantitative agreement with previous
bulk sensitive results from de-Haas-van-Alphen measurements.
The properties of heavy fermion materials sharply de-
viate from conventional metals, most notably in the oc-
currence of very large effective masses at low tempera-
tures. This is often accompanied by rich phase diagrams
comprised of magnetic order and unconventional super-
conductivity as well as quantum criticality in which the
degree of hybridization between the localized atomic f-
states and mobile conduction electron states determines
the groundstate. It is widely accepted that at high tem-
peratures the f - electrons are expelled from the Fermi
surface and act as incoherent scatterers, while they form
hybridized bands with the conduction electrons at low
temperatures, facilitating the mass increase and a dis-
tinct drop in resistivity.
The family of heavy fermion compounds CeTIn5 (T
= Co, Ir, Rh) (115 family) are prototypical heavy
fermion superconductors in close proximity to antiferro-
magnetism, as exemplified by CeCoIn5, which becomes
superconducting below Tc = 2.3 K and is located near
an antiferromagnetic quantum critical point1–3. Phe-
nomenological models indicate that the two-dimensional
electronic structure (i.e., cylindrical bands) may be bene-
ficial for the unconventional superconductivity4,5. On the
other hand, a recent proposal based on dynamical mean
field theory (DMFT) calculations concluded that the f-
hybridization in CeIrIn5 is essentially three dimensional
6.
Thus, it is not clear that the f - conduction electron hy-
bridization is strongest on the two-dimensional bands or
if it is equally strong on all bands close to the Fermi
level. The experimental clarification of this point, which
is important for the whole class of 115 compounds and
for the physical understanding of the heavy fermion su-
perconductors in general, is the main objective of this
letter.
To this end we perform angle-resolved photoemission
spectroscopy (ARPES) to elucidate the low energy elec-
tronic structure of CeCoIn5. Generally, the bandstruc-
ture of this compound is reasonably described by LDA
(local density approximation) calculations, except for
the low energy region, where the influence of the f-
electrons becomes important7–11. The latter was stud-
ied by ARPES for CeIrIn5 and CeCoIn5, revealing the
existence of hybridized f-bands12,13. However, previous
efforts for CeCoIn5 were restricted to a narrow region
in momentum space k and to T = 25 K, where the
coherent heavy quasiparticle band has not fully devel-
oped yet. Here we report on measurements down to
T = 1.4 K and study the f-states in a wide k-range.
This enables us to quantitatively determine the degree
of f-hybridization for each band individually. We find
indeed a pronounced band-dependence of the hybridiza-
tion. All photoemission measurements were performed
at the BESSY 13 ARPES end station equipped with
a SCIENTA R4000 analyzer and a Janis 3He cryostat.
Spectra presented in this manuscript were recorded from
high quality CeCoIn5 single crystals cleaved at low tem-
perature. The energy resolution was ∆E = 22 meV at
hν= 121 eV. Single crystals of CeCoIn5 were grown in
In flux1. The bandstructure calculation was performed
using the scalar-relativistic version of the full potential
local orbital minimum basis bandstructure method14,15.
Technical details of the calculations have been described
in Ref.16.
Signs of hybridization between f- and conduction elec-
trons are found in several ways in the photoemission data.
Fig. 1a shows the Fermi surface of CeCoIn5 measured
with a photon energy of hν = 121 eV at a temperature of
T = 39 K compared to LDA bandstructure calculations,
where the f-electrons are treated as localized states and
kz ≈ (1/8) pi/c. At hν = 121 eV the cross section of the
4f emission is resonantly enhanced due to the Ce 4d →
4f absorption threshold. The LDA bands 133 and 135
fit the ARPES data reasonably well. Band 131 is more
difficult to assign with certainty as it is situated in re-
gions with blurred intensity around X1
18. Fig. 1b shows
a magnification of this region. Clearly, band 133 forms
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FIG. 1. (Color online) a) Fermi surface map of CeCoIn5 on resonance (hν = 121 eV) at T = 39 K. Blue dashed lines represent
LDA calculations without f-contributions. Green dashed line highlights the k-region of the measurement in Fig. 3. (Inset)
EDCs from high symmetry points. b) Detail of the Fermi surface. c) Scheme of the f - hybridization with the conduction
band. εc(k) is the dispersion of the unhybridized conduction band, εf is the energy of the unhybridized f-level, E1,2(k) are the
hybridized bands. EF , E’F and kF , k’F are the positions of the Fermi level and Fermi wavevector in the initial and hybridized
state. d) Fermi surfaces (LDA without f-contribution). In brackets: Band notation according to Ref.17.
a boundary of the blurred intensity around X1. This be-
havior of band 133 is a sign of the f-hybridization. It
can be rationalized with the help of a generic two level
mixing model which mimics the periodic Anderson model
(PAM) considered an appropriate description of the hy-
bridization between the f-electron and conduction elec-
tron states (see Fig. 1c)19: The flat f-band, located
initially above EF , mixes with the strongly dispersing
conduction band which opens a hybridization gap and
redistributes the orbital dependent spectral weight. kF
changes so as to accommodate the additional f-electrons
in the Fermi surface volume. Most importantly the region
of large f-weight below EF (where it can be observed by
photoemission) appears mainly at one side of the Fermi
surface crossing, namely ”outside” of the original conduc-
tion band dispersion. The distribution of spectral weight
in Fig. 1b is indeed confined ”outside” of band 133 and
thus a signature of sizable hybridization of band 133 with
the f-electron system. In contrast, for band 135 this ef-
fect is not observed, meaning that the f-hybridization of
band 135 is weaker.
Fig. 1d presents the three dimensional Fermi sur-
faces of band 131, 133 and 135. Band 135 consists
of quasi two dimensional cylinders at the zone corners.
Bands 131 and 133 show much stronger kz dispersion. A
previous DMFT study of CeIrIn5 suggested that the f-
hybridization was strongest in the out-of-plane Ce-In(2)
atom-pair compared to the planar Ce-In(1) pair6. This
is in agreement with our results. The distribution of f-
weight at the Fermi surface is governed by the more three
dimensional bands.
Fig. 2 presents the measured intensity as a function
of energy along the ΓM high symmetry direction on-
resonant (hν = 121 eV, Fig. 2a) and off-resonant (hν
= 117 eV, Fig. 2c) at T = 1.7 K. The valence bands
are again well described by band structure calculations.
The itinerant treatment of the f-electrons in the calcula-
tion decreases the bandwidth slightly with respect to the
localized treatment which fits the experiment somewhat
better. A clear deviation of LDA from experiment occurs
in the region highlighted by the white dashed rectangle
in Fig. 2a where the intense flat f-bands occur. By con-
trast, the flat f-band is absent in the off-resonant spectra
presented in Fig. 2c. Figs. 2 b, d show the momen-
tum integrated intensity related to Figs. 2 a, c. For the
on-resonant spectra (Fig. 2b) the typical line shape of
hybridized Ce systems is observed: the f15/2 peak at EF
and its spin-orbit split counterpart at about E = - 280
meV. Both features are absent for the off-resonant spec-
tra. Fig. 2a confirms our findings from the discussion
of the Fermi surface: bands 131 and 133 are strongly
renormalized near EF while band 135 remains much less
hybridized. This is even more clear in the background
3subtracted version of Fig. 2a in Fig. 3a.
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FIG. 2. (Color online) Energy distribution map along ΓM
taken at T = 1.7 K compared to bandstructure calculations
on-resonant (a) and off resonant (c). Red lines correspond
to LDA calculation treating the f-electrons as being itinerant,
blue lines as localized. (b), (d) Momentum integration of
(a), (c). Note the renormalized flat bands near EF in (a)
highlighted by the dashed white rectangle, which are absent
in (c).
For a quantitative interpretation of the low energy elec-
tronic structure of heavy fermion systems as observed
by ARPES experiments hybridization models have been
employed previously20–23. In our case several bands are
involved in the hybridization process. For a first descrip-
tion we may omit band 135, but bands 131 and 133 have
to be taken into account simultaneously. Therefore, we
extend the two-level mixing model as sketched in Fig. 1c
to a three level mixing, which yields the Hamiltonian:
H =
ε131c (k) 0 V 131cf0 ε133c (k) V 133cf
V 131cf V
133
cf εf
 (1)
Here ε131c (k) and ε
133
c (k) are the extrapolated experi-
mental dispersion relations of the unhybridized bands24.
εf is the energy of the f-level and V
131
cf and V
133
cf are the
hybridization parameters of band 131 and 133 respec-
tively.
Fig 3b shows a solution of this model for optimized
parameters V 131cf = 50 meV, V
133
cf = 40 meV and εf
= 8 meV. For the details of the calculation and of the
simulation of the spectral function see the Supplemental
Material24.
Fig. 3c compares the momentum distribution curves
(MDC) integrated in a energy window of ∆E = 21 meV
below EF and Fig. 3d the energy distribution curves
(EDC) at k = 0 (∆k = 0.004 1/A˚). Note that the high
energy tail of the EDC is underestimated by the simula-
tion, as the contribution of the non-f conduction bands
is omitted. This is also apparent in Fig. 3a in form of
the non-vanishing intensity between E = -0.1 eV and -
0.25 eV, absent in Fig. 3b. It is interesting that the
width of the EDC peak is not resolution limited. Addi-
tional phonon broadening has been proposed previously
for other Ce compounds25, but the crystal field splitting
could play also a role in the present case. The energy
separation of the crystal field levels are 6.8 meV and 25
meV above the ground state26, which is approximately in
the order of the applied Lorentzian broadening (40 meV).
In Fig. 3 e,f cuts of the electronic structure near the
MX direction (see green dashed line in Fig. 1) for dif-
ferent temperatures are presented. Again flat f-derived
intensity is found in-between the bands crossing EF . The
situation is complicated in this k-region by the fact, that
band 135 (the bright steeply dispersing object on the
right hand side) is close to bands 131 and 133. Never-
theless, the spectral function has a characteristic form
and a clear temperature dependence. Figs. 3 g,h show
the results of the model calculations with hybridization
parameters (V 131cf ; V
133
cf ) = (30 meV; 50 meV) at T =1.4
K and (V 131cf ; V
133
cf ) = (29 meV; 42 meV) at 40 K. The
decrease of the hybridization parameters with increasing
temperature is in agreement with the expectation that
the hybridization vanishes at high temperatures.
Experimental and simulated MDCs in the same energy
window as used in Fig. 3c are compared in Fig. 3 i, j.
The simulation overestimates somewhat the momentum
broadening of band 131 as is seen from the observed split-
ting of the inner peak. Note, that the datasets in Figs.
3e and f, from which the MDCs have been extracted, are
normalized at higher energies to each other. This inten-
sity ratio has been preserved in the presentation of the
MDCs in Figs. 3 i, j.
The presented information on the electronic struc-
ture and the extracted k and temperature dependent
hybridization parameters must be reflected in a wide
variety of macroscopic properties of the solid. Table
I compares our results to previous de-Haas-van-Alphen
(dHvA) measurements17,27. The Fermi surface areas
measured from Fig. 1 match the dHvA frequencies,
establishing the bulk nature of our measurements and
confirming our previous results for the top-plane of the
Brillouin zone9. The mass enhancement has been cal-
culated from the ratio of the renormalized and unrenor-
malized Fermi velocities vF for ΓM and MX separately.
The renormalized Fermi velocities were obtained from
the simulation, the unrenormalized Fermi velocities from
extrapolation of the conduction bands (see Supplemen-
tal Material for further description and a discussion of
the absolute values of m* as derived from the model)24.
Taken at face value the mass enhancements match ap-
4135
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FIG. 3. (Color online) a) Expanded and background subtracted view on the electronic structure near ΓM. An EDC from
the M-point has been taken as background intensity and aligned at higher energies before subtraction. b) Simulation of the
f-related spectral function using Eq. (1). c) Comparison of MDCs at EF and EDCs at k = 0 (d). e, f) Energy distribution
maps near MX at T = 1.4 K and 40 K. A background has been subtracted. The bright band at the right hand side is band
135 not considered in the calculations below. (g,h) Simulated spectral function. The same color scale has been used for the
pairs (e, f) and (g, h). (i, j) Comparison of experimental and simulated MDCs.
proximately the dHvA result for the β1 orbit, which is a
momentum average and has been evaluated from the ra-
tio of the measured cyclotron mass and the band-mass
mb
17. However, the cyclotron mass shows a field de-
pendence and is expected to be larger in the zero field
limit probed here. Nevertheless, the agreement is satis-
factory for band 133. But the dHvA measurements reveal
also a significant mass enhancement of band 135 , which
we have neglected so far, based on account that the hy-
bridization is weaker than for bands 133 and 131.
The opening of the hybridization gap at low
temperature has been directly observed by optical
spectroscopy28–30 and tunneling spectroscopy31. The de-
scription of the low temperature optical conductivity
of CeCoIn5 requires a broad spectrum of hybridization
gaps30, ranging from ≈ 50 cm−1 (6 meV) to 400 cm−1
(48 meV). This can be directly compared to our Vcf val-
ues. We notice that the low energy region is not covered
by our results. Together with the reported mass enhance-
ment of the α orbits of band 135 we suspect that band
135 has a small hybridization gap, which is below our
detection limit. Quasiparticle interference patterns from
tunneling spectroscopy have been interpreted in terms of
the hybridization gap opening of band 135 but in a differ-
ent kz plane than considered here
31. It is indeed possible
that the hybridization has a kz dependence. This has
been incorporated in a previous theoretical investigation
of the superconducting properties of CeCoIn5 using a 3D
PAM for band 13332. Band 133 formed also the basis for
the RPA (random phase approximation) description of a
sharp resonance mode observed by neutron scattering33.
This mode is intimately related to superconductivity34.
Thus, important aspects of superconductivity are related
to three dimensional features of the electronic structure.
On the other hand it is known that magnetic fluctuations
decay more slowly in two dimensions, in agreement with
the quasi two-dimensional properties of CeCoIn5. If the
hybridization of the 2D electrons is weaker, the Kondo
screening of the magnetic moments will be weaker, hence
allowing for increased 2D magnetic fluctuations.
The present study demonstrates that a consistent de-
scription of the low energy electronic structure of a model
heavy fermion system can be achieved by relatively sim-
ple assumptions based on the periodic Anderson model.
The f-hybridization in CeCoIn5 as measured by ARPES
is quantified and appears to be band and k-dependent, in
agreement with previous theoretical proposals. We find
that the most pronounced two dimensional band shows
the weakest f-hybridization, suggesting that further re-
search is necessary to reveal the delicate interplay be-
5TABLE I. Physical quantities derived from ARPES and dHvA. The Fermi surface area (converted to dHvA frequency units)
has been evaluated from Fig. 1. The mass enhancement factors for ΓM and MX directions are results from our simulations.
Frequency (kT) m*/mb
band Orbit Ref.17 Ref.27 present Ref.17 ΓM MX
133 β1 12.0 - 10.5-12 13.8 8.2 14.7
135 α2 4.53 5.16 4.2-4.7 16.5 - -
tween superconductivity, magnetism and the underlying
electronic structure in heavy fermion materials.
A.K. acknowledges financial support by the Deutsche
Forschungsgemeinschaft (Grant No. KO 3831/1-1).
Work at Los Alamos was performed under the auspices of
the U.S. Department of Energy, Office of Science, Divi-
sion of Materials Science and Engineering. A.K. thanks
S. V. Borisenko, A. Akbari and P. Thalmeier for discus-
sions.
1 C. Petrovic, P. G. Pagliuso, M. F. Hundley, R. Movshovich,
J. L. Sarrao, J. D. Thompson, Z. Fisk, and M. P., Journal
of Physics: Condensed Matter 13, L337 (2001)
2 A. Bianchi, R. Movshovich, I. Vekhter, P. G. Pagliuso, and
J. L. Sarrao, Phys. Rev. Lett. 91, 257001 (Dec 2003)
3 J. Paglione, M. A. Tanatar, D. G. Hawthorn, E. Boaknin,
R. W. Hill, F. Ronning, M. Sutherland, L. Taillefer,
C. Petrovic, and P. C. Canfield, Phys. Rev. Lett. 91,
246405 (Dec 2003)
4 N. Mathur, F. Grosche, S. Julian, I. Walker, D. Freye,
R. Haselwimmer, and G. Lonzarich, NATURE 394, 39
(JUL 2 1998)
5 P. Monthoux and G. G. Lonzarich, Phys. Rev. B 63,
054529 (Jan 2001)
6 J. H. Shim, K. Haule, and G. Kotliar, Science 318, 1615
(2007)
7 S.-i. Fujimori, T. Okane, J. Okamoto, K. Mamiya, Y. Mu-
ramatsu, A. Fujimori, H. Harima, D. Aoki, S. Ikeda,
H. Shishido, Y. Tokiwa, Y. Haga, and Y. O¯nuki, Phys.
Rev. B 67, 144507 (Apr 2003)
8 D. Moore, T. Durakiewicz, J. Joyce, A. Arko, L. Morales,
J. Sarrao, P. Pagliuso, J. Wills, and C. Olson, Physica B:
Condensed Matter 312 313, 134 (2002)
9 A. Koitzsch, I. Opahle, S. Elgazzar, S. V. Borisenko,
J. Geck, V. B. Zabolotnyy, D. Inosov, H. Shiozawa,
M. Richter, M. Knupfer, J. Fink, B. Bu¨chner, E. D. Bauer,
J. L. Sarrao, and R. Follath, Phys. Rev. B 79, 075104 (Feb
2009)
10 J. Xiao-Wen, L. Yan, Y. Li, H. Jun-Feng, Z. Lin, Z. Wen-
Tao, L. Hai-Yun, L. Guo-Dong, H. Shao-Long, Z. Jun,
L. Wei, W. Yue, D. Xiao-Li, S. Li-Ling, W. Gui-Ling,
Z. Yong, W. Xiao-Yang, P. Qin-Jun, W. Zhi-Min, Z. Shen-
Jin, Y. Feng, X. Zu-Yan, C. Chuang-Tian, and Z. Xing-
Jiang, Chinese Physics Letters 28, 057401 (2011)
11 C. H. Booth, T. Durakiewicz, C. Capan, D. Hurt, A. D.
Bianchi, J. J. Joyce, and Z. Fisk, Phys. Rev. B 83, 235117
(Jun 2011)
12 S.-i. Fujimori, A. Fujimori, K. Shimada, T. Narimura,
K. Kobayashi, H. Namatame, M. Taniguchi, H. Harima,
H. Shishido, S. Ikeda, D. Aoki, Y. Tokiwa, Y. Haga, and
Y. O¯nuki, Phys. Rev. B 73, 224517 (Jun 2006)
13 A. Koitzsch, S. V. Borisenko, D. Inosov, J. Geck,
V. B. Zabolotnyy, H. Shiozawa, M. Knupfer, J. Fink,
B. Bu¨chner, E. D. Bauer, J. L. Sarrao, and R. Follath,
Phys. Rev. B 77, 155128 (Apr 2008)
14 K. Koepernik and H. Eschrig, Phys. Rev. B 59, 1743 (Jan
1999)
15 http://www.fplo.de/
16 S. Elgazzar, I. Opahle, R. Hayn, and P. M. Oppeneer, Phys.
Rev. B 69, 214510 (Jun 2004)
17 R. Settai, H. Shishido, S. Ikeda, Y. Murakawa,
M. Nakashima, D. Aoki, Y. Haga, H. Harima, and
Y. Onuki, Journal of Physics: Condensed Matter 13, L627
(2001)
18 The data show a pronounced asymmetry. Whereas the in-
tensity is high along the Γ - X1 line it decays rapidly from
Γ to X2. This is related to the symmetry properties of the
involved orbitals with respect to the incoming beam polar-
ization.
19 A. C. Hewson, The Kondo Problem to Heavy Fermions,
cambridge studies in magnetism ed. (Cambridge University
Press, 1997)
20 H. J. Im, T. Ito, H.-D. Kim, S. Kimura, K. E. Lee, J. B.
Hong, Y. S. Kwon, A. Yasui, and H. Yamagami, Phys. Rev.
Lett. 100, 176402 (Apr 2008)
21 M. Klein, A. Nuber, H. Schwab, C. Albers, N. Tobita,
M. Higashiguchi, J. Jiang, S. Fukuda, K. Tanaka, K. Shi-
mada, M. Mulazzi, F. F. Assaad, and F. Reinert, Phys.
Rev. Lett. 106, 186407 (May 2011)
22 D. V. Vyalikh, S. Danzenba¨cher, Y. Kucherenko, C. Krell-
ner, C. Geibel, C. Laubschat, M. Shi, L. Patthey, R. Fol-
lath, and S. L. Molodtsov, Phys. Rev. Lett. 103, 137601
(Sep 2009)
23 S. Danzenba¨cher, D. V. Vyalikh, K. Kummer, C. Krellner,
M. Holder, M. Ho¨ppner, Y. Kucherenko, C. Geibel, M. Shi,
L. Patthey, S. L. Molodtsov, and C. Laubschat, Phys. Rev.
Lett. 107, 267601 (Dec 2011)
24 See Supplemental Material for the determination of the
unhybridized bands, the simulation of the spectral function
and the treatment of the effective mass.
25 A. J. Arko, P. S. Riseborough, A. B. Andrews, J. J. Joyce,
A. N. Tahvildar-Zadeh, and M. Jarrell, Photoelectron spec-
troscopy in heavy fermion systems: Emphasis on single
crystals, Handbook on the Physics and Chemistry of Rare
Earths, Vol. 26 (Elsevier Science, 1999)
26 T. Willers, Z. Hu, N. Hollmann, P. O. Ko¨rner, J. Gegner,
6T. Burnus, H. Fujiwara, A. Tanaka, D. Schmitz, H. H.
Hsieh, H.-J. Lin, C. T. Chen, E. D. Bauer, J. L. Sarrao,
E. Goremychkin, M. Koza, L. H. Tjeng, and A. Severing,
Phys. Rev. B 81, 195114 (May 2010)
27 D. Hall, E. C. Palm, T. P. Murphy, S. W. Tozer, Z. Fisk,
U. Alver, R. G. Goodrich, J. L. Sarrao, P. G. Pagliuso, and
T. Ebihara, Phys. Rev. B 64, 212508 (Nov 2001)
28 E. J. Singley, D. N. Basov, E. D. Bauer, and M. B. Maple,
Phys. Rev. B 65, 161101 (Apr 2002)
29 F. P. Mena, D. van der Marel, and J. L. Sarrao, Phys. Rev.
B 72, 045119 (Jul 2005)
30 K. S. Burch, S. V. Dordevic, F. P. Mena, A. B. Kuzmenko,
D. van der Marel, J. L. Sarrao, J. R. Jeffries, E. D. Bauer,
M. B. Maple, and D. N. Basov, Phys. Rev. B 75, 054523
(Feb 2007)
31 P. Aynajian, E. H. da Silva Neto, A. Gyenis, R. E. Baum-
bach, J. D. Thompson, Z. Fisk, E. D. Bauer, and A. Yaz-
dani, Nature 487, 201 (Jun 2012)
32 K. Tanaka, H. Ikeda, Y. Nisikawa, and K. Yamada, Journal
of the Physical Society of Japan 75, 024713 (2006)
33 C. Stock, C. Broholm, J. Hudis, H. J. Kang, and C. Petro-
vic, Phys. Rev. Lett. 100, 087001 (Feb 2008)
34 I. Eremin, G. Zwicknagl, P. Thalmeier, and P. Fulde, Phys.
Rev. Lett. 101, 187001 (Oct 2008)
